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An analysis is conducted to predict stress relief cracking at 550 C in notched compact tension specimens
of Type 316H austenitic stainless steel. The specimens had been subjected to pre-compression to gener-
ate a tensile residual stress distribution at the notch tip. This stress distribution is represented by a uni-
form reference stress over the zone of tension ahead of the notch tip. Creep rupture and creep crack
growth data alone are required and used to make the predictions. It is found that the shape of the crack
growth curve is correctly predicted when mean data are employed. However, upper bound crack growth
properties are required to accurately predict the actual extent of cracking. Sensitivity studies show that
the amount of stress relief cracking predicted is relatively insensitive to the reference stress initially
assumed to describe the residual stress distribution, since the reference stress relaxes to a magnitude that
is almost independent of its initial value. Adoption of an initial reference stress equal to the ultimate ten-
sile strength of the steel, when combined with mean creep rupture and upper bound crack growth prop-
erties, results in safe predictions that are not overly conservative. The analysis should only be regarded as
reliable for small amounts of crack extension of less than the size of the tensile zone ahead of the crack
tip.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Residual stresses can be introduced into components during
fabrication and use through non-uniform plastic deformation and
thermal distributions, e.g. by processes such as forging, bending
and welding. These residual stresses will be superimposed on
any applied loading during service and may contribute to early fail-
ure from pre-existing defects, depending on their magnitude and
direction. Heat-treatments are often employed prior to use to re-
duce the magnitude of the residual stress, but if the residual stress
is sufﬁciently high this process can result in what is called stress
relief cracking. This type of cracking is examined in this paper.
The stress relief cracking data to be examined have been taken
from Turski (2004). In this investigation pre-notched compact ten-
sion C(T) specimens of width W = 76 mm and thickness B = 25 mm
of Type 316H austenitic stainless steel were initially loaded in
compression to generate residual tension around the notch root
after unloading. This stress distribution, as estimated by three-
dimensional ﬁnite element (3DFE) analysis based on the stress–
strain properties of the steel given in Table 1, is shown in Fig. 1
(Turski, 2004). It is evident from the table and ﬁgure that stresses
close to the ultimate tensile strength of the material are reached at
the notch tip at room temperature and 550 C. Two specimens CT1
and CT5 were subsequently soaked in a furnace at 550 C to relaxll rights reserved.
ax: +44(0)2075947017.
Davies).these high stresses and determine the extent of any cracking. Spec-
imen CT1 was subjected to fatigue pre-cracking to an initial crack
depth ao to width ratio ao=W ¼ 0:38 prior to soaking; specimen
CT5 was soaked in the pre-notched and pre-compressed state.
The resulting crack proﬁles after approximately 4500 h of soaking
are depicted in Fig. 2 (Turski, 2004). The maximum amount of
cracking (about 2 mm) is almost the same in both cases although
a more rounded and continuous crack tip proﬁle is apparent in
specimen CT1. The extent of cracking decreases for both specimens
towards the surface (particularly in the case of CT5). This trend is
to be expected with a decrease in constraint from approximately
plane strain conditions at the centre line to plane stress at the sur-
face (Webster and Ainsworth, 1994). These observations are next
explained.
2. Residual stress relaxation
During thermal soaking, relaxation in residual stress will take
place by creep. All residual stress distributions must satisfy force
and moment equilibrium across an entire cross-section throughout
the relaxation process. This is demonstrated in Fig. 3 for Type 347
weld metal C(T) specimens (O’Dowd et al., 2006) which had been
subjected to pre-compression in the same manner as specimens
CT1 and CT5. A feature of the stress distributions in Fig. 3 is that
the two points of zero stress remain ﬁxed with exposure time.
Two points of zero stress across the section are required for force
and moment equilibrium to be maintained. The implication is that
Fig. 2. Creep crack length measurements, as determined by area image analysis
software, for (a) CT1 and (b) CT5, with through thickness average creep crack length
measurements of 1.38 mm and 0.86 mm, respectively. (Taken from Turski (2004).)
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Fig. 3. Normalised residual stress relaxation for Type 347 weld metal at 650 C with
distance ahead of notch in a C(T) specimen following pre-compression at room
temperature under plane strain conditions. (Adapted from O’Dowd et al. (2006).)
Table 1
Tensile data for Type 316H austenitic stainless steel at a range of temperatures. (Data
from Turski (2004).)
Temperature (C) 20 275 550
Young’s modulus (GPa) 204 182 160
Yield stress (MPa) 250 169 145
0.2% Proof stress (MPa) 337 224 194
UTS (MPa) 895 698 648
Strain at UTS (%) 31.9 29.3 29.4
Plastic strain at fracture (%) 44.4 41.0 41.3
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Fig. 1. Residual stress proﬁles along at the specimens mid-thickness from the 3DFE
model after pre-straining at room temperature and after pre-straining and raising
the model to 550 C. (Adapted from Turski (2004).)
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approximately, that the total strain across the entire cross-section
must remain at zero during the relaxation process. This is equiva-lent to what takes place when stress relaxes in a bolt that is hold-
ing two rigid ﬂanges together (Webster and Ainsworth, 1994). For
a material that obeys the power-law creep strain rate _e expression
_e ¼ Crn ð1Þ
where r is the equivalent stress, C is a temperature dependent
material constant and n is the power-law stress exponent, the stress
relaxes according to (Webster and Ainsworth, 1994)
r ¼ ro 11þ CEðn 1Þrn1o t
 1=ðn1Þ
ð2Þ
where ro is the initial stress at time t = 0 and E is the elastic mod-
ulus. For
t  1
CEðn 1Þrðn1Þo
ð3Þ
Eq. (2) is almost independent of ro. The biggest inﬂuence of the
magnitude of ro is during the early stages of the relaxation process.
3. Stress relief crack growth estimation method
In order to determine the possible amount of stress relief crack-
ing, it is necessary to establish the change in the creep fracture
mechanics parameter C* during the thermal soaking. This can be
obtained by expressing C* in terms of a reference stress, rref , and
the stress intensity factor K as (BEGL, 2003; Webster and Ains-
worth, 1994)
C ¼ rref _erefR0 ð4Þ
where _eref is the creep strain rate at the reference stress and
R0 ¼ K
rref
 2
ð5Þ
In Eq. (5) R0 is a dimension term which depends on the shape of the
stress distribution being examined and the specimen (or compo-
nent) geometry and crack length. For short amounts of crack
growth, and the same shape of stress distribution throughout the
relaxation process (as indicated in Fig. 3), it is expected that R0 will
remain approximately constant so that it can be expressed as
R0 ¼ Ko
rrefo
 2
ð6Þ
where Ko and rrefo are the respective values of K and rref at the on-
set of thermal soaking. An estimate of Ko through the thickness of
the C(T) specimens in shown in Fig. 4 from 3DFE calculations (Tur-
ski, 2004). It can be seen to have an average value of Ko of
37:6 MPa m1=2.
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Fig. 4. Stress intensity factor values calculated at different points through the
thickness of the elastic C(T) FE model. (Adapted from Turski (2004).)
Table 2
Average creep strain rate properties of Type 316H austenitic stainless steel at 550 C
assuming a constant failure strain of 11.26%.
n 8.45
CA
a
1:05 1025
UB/LB factor on CA 9.25
a For stress in MPa and time in hours.
1.0E+00
1.0E+01
LT Test Data
ST Test Data
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the maximum principal stress, r1, distribution at 550 C shown in
Fig. 1. It may be assumed that cracking will be dominated by the
tensile ﬁeld immediately ahead of the crack tip. As it has been al-
ready established that relaxation occurs at constant total strain,
with no bending, rrefo can be taken, assuming plane stress condi-
tions, as the average stress of 325 MPa across the tensile ﬁeld
shown in the ﬁgure. The relaxation in this stress can be obtained
from Eq. (2) with the stresses replaced by their corresponding ref-
erence stress values.
In order to determine the extent of cracking it is necessary to as-
sign values to C and n in Eq. (1) and employ the creep crack growth
law (Webster and Ainsworth, 1994)
_a ¼ DC/ ð7Þ
where D and / are material parameters and _a is crack growth rate.
Integration of Eq. (7), in conjunction with Eqs. (1), (2) and (4), en-
ables the increase in crack growth with time to be calculated.
4. Crack growth data and predictions
4.1. Creep rupture properties
Relevant creep rupture data, taken from Coleman (1997) and
Webster et al. (2009), for making the calculations are shown in
Fig. 5 and Table 2. In Table 2, C has been replaced by CA to indicate1.E-07
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Fig. 5. Average creep strain rate versus stress data for Type 316H austenitic
stainless steel at 550 C, illustrating the mean, upper and lower bound regression
line ﬁts. (Taken from Coleman (1997) and Webster et al. (2009).)that it represents the average strain rate measured throughout a
creep test. A mean regression line ﬁt has been made to the data
to determine the values of CA and n. Upper bound (UB) and lower
bound (LB) ﬁts have also been made to these data, by offsetting
the mean line by ±2 standard deviations (s.d.) of the data set,
assuming the slope, n, to be constant. The UB/LB factor is the mul-
tiplier/division factor, respectively, between the UB/LB value and
mean value of CA, as illustrated in Fig. 5.
The prior plastic pre-strain introduced during the pre-compres-
sion process is known to alter the materials’ creep rupture and fail-
ure properties (Davies et al., 2009). However, it has been found that
the average creep strain rate dependence on stress is relatively
uninﬂuenced by the pre-compression process.
4.2. Creep crack growth properties
The corresponding crack growth properties are presented in
Fig. 6. A mean regression line ﬁt has been made to the data to
determine the values of D and / (see Eq. (7)). As for the creep strain
rate data, upper bound and lower bound ﬁts have also been applied
to the crack growth rate results. For a given value of
C ð< 1 105 MPa m=hÞ, which corresponds to the longer term
data, the crack growth rate is higher than that of the shorter term
data with C > 1 105 MPa m=h. Thus, two ﬁts are presented to
the creep crack growth data, one for the relatively short term
(ST) and one for long term (LT) data. Values for these ﬁtted con-
stants are given in Table 3.
4.3. Stress relaxation predictions
The relaxation in reference stress from an initial value of
325 MPa, based on mean creep rupture properties, is shown in
Fig. 7. This ﬁgure indicates that most of the stress relief occurs in
the ﬁrst 500 h of thermal soaking. The corresponding change in1.0E-05
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Fig. 6. Creep crack growth rate v.s. C* data for Type 316H austenitic stainless steel
at 550 C, illustrating the mean, upper and lower bound regression line ﬁts.
Table 3
Creep crack growth rate properties of Type 316H austenitic stainless steel at 550 C
(units for creep crack growth rate in mm/h and C* in MPa/h).
D / UB/LB factor
Short term (ST) tests 3.45 0.75 2.39
Long term (LT) tests 9.25 0.73 1.82
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Fig. 7. Reduction in reference stress from an initial value of 325 MPa in Type 316H
austenitic stainless steel with time due to thermal soaking at 550 C.
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Fig. 8. Change in the reference stress estimate of C* with time from an initial
reference stress of 325 MPa in Type 316H austenitic stainless steel at 550 C.
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Fig. 9. Comparison of stress relief cracking predictions in Type 316H austenitic
stainless steel at 550 C, assuming mean creep deformation and crack growth
properties with experimental results for rrefo ¼ 325 MPa.
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Fig. 10. Comparison of stress relief cracking predictions in Type 316H austenitic
stainless steel at 550 C, assuming mean creep deformation and upper bound crack
growth properties with experimental results for rrefo ¼ 325 MPa.
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Fig. 11. Comparison of stress relief cracking predictions in Type 316H austenitic
stainless steel at 550 C, assuming upper bound creep deformation and upper
bound crack growth properties with experimental results for rref ¼ 325 MPa.
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CA. It is apparent from this ﬁgure that use of the upper bound re-
sults in the highest value of C* at short times and the lowest value
at greater times. The converse is true when employing the lower
bound CA. This is because the lower bound CA results in slower
stress relaxation and hence greater values of reference stress (from
Eq. (2)) at longer times than when the upper bound is used.
4.4. Stress relief crack growth predictions
Predictions of creep crack growth due to the stress relief are
presented in Fig. 9 for the case when mean values of CA and D
are employed. The calculations are compared with the maximum
and mean crack extensions shown in Fig. 2 for specimen CT1. Pre-
dictions based on short term (ST) cracking data, long term (LT)
cracking data and a combination of both with a switch (LT/ST
switch) at C ¼ 1 105 MPa m=h, which corresponds to the point
where the crack growth rate changes in Fig. 6, are presented. This
latter combination results in the most accurate description of thecrack growth data over the whole range of C*. The analyses assume
a straight fronted crack and so the results should be compared with
the average crack extension. It is evident that the correct shape of
crack growth curve is obtained but that the amount of cracking is
underestimated.
The results of a sensitivity study are shown in Figs. 10–12 for
the case when the upper bound value of D is used. Comparison
of Figs. 9 and 10 indicate that application of the upper bound D
with the mean CA gives approximately double the extent of crack-
ing than when the mean D is employed, as is expected from Table 3.
Similarly Figs. 10–12 indicate, when the same value of D is used,
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Fig. 12. Comparison of stress relief cracking predictions in Type 316H austenitic
stainless steel at 550 C, assuming lower bound creep deformation and upper bound
crack growth properties with experimental results for rrefo ¼ 325 MPa.
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Fig. 13. Comparison of C* predictions for initial reference stresses of 325 MPa and
648 MPa for Type 316H austenitic stainless steel at 550 C.
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Fig. 15. Comparison of stress relief cracking predictions in Type 316H austenitic
stainless steel at 550 C assuming mean creep deformation and upper bound crack
growth properties with experimental results for rrefo ¼ 648 MPa.
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is because application of the lower bound CA results in higher val-
ues of C*at long times as shown in Fig. 8. The inﬂuence of a change
in CA is less pronounced than that of a change in D.
The effect of increasing rrefo by a factor of two, to correspond
with the ultimate tensile strength of the steel of 648 MPa, is dem-
onstrated in Figs. 13 and 14 assuming mean CA and D values. It is
evident from Fig. 13 that this increase in rrefo only causes an in-
crease in C* for times less than about 20 h as is expected from
Eqs. (2) and (3). The consequence is that an increase in rrefo only
causes a relatively modest increase in crack growth as shown in0.0
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Fig. 14. Comparison of crack growth predictions for initial reference stresses of
325 MPa and 648 MPa for Type 316H austenitic stainless steel at 550 C, assuming
mean creep deformation and crack growth properties.Fig. 14. The biggest increase is obtained when LT crack growth
properties are assumed. The inﬂuence of taking rrefo ¼ 648 MPa,
in conjunction with mean creep deformation and upper bound
crack growth properties, is indicated in Fig. 15. It is evident that
safe predictions of the extent of stress relief cracking are obtained
(except when short term (ST) cracking data only are employed)
that are not unduly conservative.5. Discussion
Calculations have been performed to predict stress relief crack-
ing in Type 316H austenitic stainless steel at 550 C from creep
rupture and creep crack growth data. Sensitivity studies have been
included to determine the inﬂuence of use of mean and ±2 s.d.
bounds in material properties and in choice of initial reference
stress to describe the residual stress distribution present at the
outset of cracking. Predictions based on long term (LT) and short-
term (ST) cracking data with a switch between the two have been
considered. No allowance has been included for any possible inﬂu-
ence of compressive plastic pre-strain on subsequent creep defor-
mation and crack growth behaviour or for the presence of an
incubation period prior to the onset of cracking (Webster and Ains-
worth, 1994). Also it has been assumed that widespread creep con-
ditions can be taken to apply throughout since, for secondary
loading alone, these conditions will be achieved relatively quickly
and by the time that the secondary stress has relaxed to half its ini-
tial value (<500 h in Fig. 7).
For a given value of rrefo it has been found that (i) the use of long
term data predicts crack extensions of approximately three times
that when short-term data are employed, (ii) the amount of crack-
ing predicted is directly proportional to the value chosen for D, and
(iii) the combination of upper bound Dwith lower bound CA results
in the most crack extension. It has been established that it is nec-
essary to employ this combination (see Fig. 12) to satisfactorily
predict the average crack growth in specimen CT1 when an initial
reference stress of 325 MPa is chosen, although use of mean data
approximately describes the behaviour of specimen CT5. This
stress represents the mean stress on the initial triangular shaped
residual tensile ﬁeld at the crack tip shown in Fig. 1.
The effect of an increase in rrefo by a factor of two, assuming
mean values of CA and D, is illustrated in Fig. 14. It should be noted
that in making this assessment, R0 has been kept constant (at a ra-
tio of 37.6/325) to reﬂect the fact that a change in rrefo will result in
a proportionate change in Ko, It is seen, when the most accurate
description of crack growth rate is assumed, that only a relatively
small inﬂuence on the amount of stress relief cracking is predicted.
This is because the relaxation in reference stress at long times is al-
most independent of its initial value (see Eqs. (2) and (3)). Fig. 15
886 G.A. Webster et al. / International Journal of Solids and Structures 47 (2010) 881–886shows that use of mean CA with upper bound D, in combination
with an initial reference stress that corresponds to the ultimate
tensile strength of the steel, gives safe predictions that are not
overly conservative.
It has been demonstrated, from the sensitivity studies per-
formed here, that it is more important to have accurate estimates
of CA and D than of rrefo for reliable predictions of stress relief
cracking. The most accurate description of the crack growth prop-
erties of the Type 316H austenitic stainless steel examined is ob-
tained when D is derived from a combination of long term data
and short time data with a switch at C* = 1  105 MPa m/h.
In making these calculations allowance for change in reference
stress with stress relaxation according to Eq. (2) alone has been in-
cluded, and no provision has been made for change with increase
in crack length. Similarly it has been assumed that the points of
zero stress shown in Fig. 3 are not altered by any crack growth.
The analysis should, therefore, only be regarded as reliable for
small amounts of crack extension of less than the size of the tensile
zone at a crack tip.
6. Conclusions
Calculations have been performed to predict stress relief crack-
ing at 550 C in Type 316H austenitic stainless steel compact ten-
sion specimens which had been pre-compressed to generate a
tensile residual stress distribution ahead of their notch tip. Mean
and ±2 s.d. bounds in the creep rupture and crack growth proper-
ties of the steel have been used to make the predictions. The tensile
stress distribution ahead of the crack has been represented by a
uniform reference stress, of approximately half the ultimate tensile
strength of the steel, across the zone of tension. It has been found,
when using mean properties data to make the calculations, that the
correct shape of crack growth curve is obtained but that the extent
of cracking is underestimated. It has been established that it is nec-
essary to employ upper bound crack growth properties to predict
the actual amount of cracking observed. The largest amount of
cracking is obtained when lower bound rupture data are used in
conjunction with upper bound crack growth properties. From the
calculations, it has been determined that the amount of stress re-
lief cracking predicted is relatively insensitive to the magnitude
of the reference stress chosen to describe the initial residual stress
distribution. This is because the reference stress relaxes to a mag-
nitude which is almost independent of its initial value. Safe and not
overly conservative predictions of crack growth are obtained when
the initial reference stress is chosen to be the ultimate tensile
strength of the steel. The analysis should only be regarded as reli-
able for small amounts of crack growth of less than the size of the
tensile zone ahead of a crack tip.
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